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ABSTRACT

Alloy 22 (N06022) is highly resistant to localized corrosion. Under aggressive environ-
mental conditions Alloy 22 may be susceptible to crevice corrosion in hot chloride (CI") solu-
tions. The objective of the present work was to explore the environmental and geometrical
conditions for crevice corrosion to occur. Electrochemical tests were performed using PCA
and prismatic mill annealed Alloy 22 specimens in chloride solutions. Crevice corrosion cur-
rent density was found to be a function of applied potential. icrev values ranged from
40 pA/cm? to 20 mA/cm?. Such low values of current density explained the absence of pitting
corrosion in Alloy 22 at any potential. Decreasing of the effective diffusion distance in a propa-
gating crevice is thought to cause crevice corrosion stifling or repassivation after long anodic
polarization. Crevice corrosion breakdown potential is expected to decrease with potential
scan rate, approaching repassivation potential for low scan rates. The lowest corrosion poten-
tial of Alloy 22 in hydrochloric acid solutions at which active corrosion exists was proposed as
the lowest possible repassivation potential for crevice corrosion.
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INTRODUCTION

Alloy 22 (N06022) is a nickel (Ni) based alloy that contains nominally 22% Chromium
(Cr), 13% Molybdenum (Mo) and 3% tungsten (W)". Alloy 22 is one of the most versatile al-
loys of the Ni-Cr-Mo family and was designed to withstand the most aggressive industrial ap-
plications, including reducing acids such as hydrochloric and oxidizing acids such as nitric®.
Nickel, the base element, is very resistant to hot alkalies, and the alloying elements chromium
and molybdenum enhance its protection against oxidizing and reducing conditions
respectively?”. Alloy 22 has showed excellent resistance to pitting corrosion, crevice corrosion
and environmentally assisted cracking in hot concentrated chloride solutions®®. Applications of
Alloy 22 include a variety of chemical processing, pickling and metal finishing, pollution control,
nuclear waste treatment>*, pulp and paper industry and flue-gas desulfurization (FGD) plants®.
Due to its excellent corrosion resistance in a wide variety of environments Alloy 22 has been
selected for the fabrication of the corrosion-resistant outer shell of the high-level nuclear waste
container for the proposed Yucca Mountain repository®?.

Alloy 22 can be considered not susceptible to pitting corrosion in most of practical appli-
cations in chloride containing environments®. However, Alloy 22 might suffer crevice corrosion
under certain aggressive conditions®®. The factors influencing crevice corrosion susceptibility
of Alloy 22 has been discussed by Rebak® and can be classified into environmental (external)
and metallurgical (internal)®®. External factors include® chloride concentration, temperature,
applied potential, presence of inhibitors or deleterious species, pH, microbial activity, volume of
electrolyte, crevice former geometry, crevicing material, etc. Internal factors include® the met-
allurgical condition of the alloy (microstructure), presence of a weld seam, type of annealing,
oxide film formed, surface finishing, etc. Many of the factors listed above such as chloride
concentration, temperature, presence of some inhibitors, metallurgical condition of the alloy
and presence of a weld seam have been studied in some detail'®**. The influences of other
factors such as crevice former geometry and crevicing material still need to be investigated®.

Figure 1 shows a schematic representation of a crevice showing the two characteristic
dimensions, the crevice depth (x) and the crevice gap (g). Parameters commonly used as
scaling factors for correlations in the study of geometrical aspects of crevice corrosion are the
ratios x?/g and x/g%?®. Vankeerberghen?® studied the effect of crevice geometry on crevice

corrosion of mild steel in sodium acetate-acetic acid buffer and aluminum in sodium chloride.
Different macroscopic crevicing mechanisms were used. It was determined that there is a

critical characteristic dimension, x?/g > (x?/g)criT, that marks the limit between crevices that

show or do not show crevice corrosion. Lee et al.?” studied crevice corrosion scaling factors
on Ni200 in 0.5M H,SO4. Microfabrication methods were used to construct crevice formers of
rigorously controlled gap and depth. Crevice formers with gaps as low as 7 um were fabri-

cated using this technique. They found that x?/g is the fundamental controlling scaling factor

and capillary forces became important for small gap crevices. However, some of these metal-
environment systems studied®’?® (such as mild steel in sodium acetate-acetic acid buffer and
Ni200 in 0.5M H»S0O4) do not show pitting corrosion and are characterized by the presence of
an active to passive transition peak in their corresponding anodic polarization curve®. Crevice
corrosion can be rationalized as a result of an ohmic drop (IR drop) which leads potential in-
side the crevice in the active zone for deep enough crevices?®*. Other metal-environment
systems such as stainless steel and nickel-chromium alloys in near neutral chloride solutions
do not show an active to passive transition. A simple ohmic drop without a significant chemis-
try change in the local environment cannot cause crevice corrosion in these systems?. Be-



sides, the relationship between pitting and crevice corrosion for stainless steel and nickel-
chromium in chloride solutions alloys has been recognized by many authors®. Effects of
geometrical scaling factor on crevice corrosion of systems where ohmic drop is not necessarily
the controlling mechanism still need to be investigated.

Most of the crevice corrosion studies for Alloy 22 involved the used of artificially creviced
specimens. The crevicing mechanism commonly used is based on ASTM G 48" which con-
tained 24 artificially creviced spots formed by PTFE (polytetrafluoroethylene) washers or
PTFE- wraPPed ceramic washers. These specimens include multiple crevice assemblies

(MCA) %1119 and prism crevice assemblies (PCA)?*2"%324 " Different amounts of torque were
applled to the washers to obtain a tight crevice'®'"">?*. However, the depth and the gap of the
obtained crevice have never been quantified®. It has been recently argued that PTFE-wrapped
ceramic washers are more demanding that PTFE washers®?%?*. Pressure applied to the latter
can relax in time as PTFE is a polymeric material®*. Another type of specimens which contains
an artificial crevice formed by a PTFE compression gasket is a variation of the ASTM G 5°
specimen usually referred to as prismatic'®'*?>%® . This type of PTFE compression gasket is
not considered demanding enough to study crevice corrosion of Alloy 22.%

The corrosion degradation model for the Yucca Mountain nuclear waste container as-
sumes that localized corrosion will only occur when the corrosion potential Ecorr is equal or
greater than a critical potential (Ecrir)®'®. That is, if Ecorr < Ecrit, general or passive corro-
sion will occur and localized corrosion is not expected®. In environments that promote local-
ized corrosion, Ecrir is the lowest potential that would initiate crevice corrosion®. The use of
critical potentials to establish a lower bound parameter below which localized corrosion does
not occur has been discussed by Sridhar and Cragnolino®'. They established that pitting re-
passivation potential (Egrp) is independent of previous pit growth if the circulated anodic charge
density is higher than a certain threshold value for Alloy 825 and 316L stainless steel*’. If rela-
tively deep pits are considered Egp is independent of prior pit growth. The authors pointed out
that deep pits are similar to crevices and so repassivation potential for crevice corrosion is in-
dependent of previous crevice growth31. Repassivation potential for crevice corrosion of Allo
22 has been determined in different experimental conditions in a wide variety of works®*®1%3"*
202224 This parameter is usually extracted from cyclic potentiodynamic polarization curves
(CPP) using artificially creviced specimens®®. This technique was first introduced by Wilde
and Williams®? and was standardized by ASTM'. Alternative techniques are also used as Tsu-
jikawa-Hisamatsu electrochemical method (THE)'®?° and potential step methods'®'®'. Re-
passivation potentials for Allog 22 in near neutral hot chloride solutions have been determined
in different laboratories®'"'922*  This parameter decreased with increasing chloride concen-
tration and temperature®. Repassivation potentials determined in different laboratories are in
agreement when the same crevicing mechanism is used?’. Values obtained using PTFE-
wrapped ceramic washers are lower than those obtained with PTFE washers at the same ap-
plied torque®*. There was a very good agreement between repassivation potential determined
by CPP and THE?.

Localized acidification model developed by Galvele®® establish that the pitting poten-
tial (Ep) of a metal or alloy in a near neutral solution can be evaluated from the anodic behavior
of the same metal in a low pH solution. According to this model the pitting potential is given

by
Er =E. +n+® (1)



where E_is the corrosion potential in the acidified solution, n is the polarization neces-

sary to obtain a current density high enough to maintain acidity inside the pit and ®is the po-
tential drop inside the pit. The value of n depends on x.i, where x and i are the diffusion dis-

tance and the current density into the pit, respectively. The same equation can be used to
evaluate the repassivation potential for pitting or crevice corrosion®'. Localized acidification
model has successfully explained several experimental observations on pitting and crevice
corrosion of pure metals and alloys**°. Results of the present work are discussed in terms of
this model.

The aim of the present work was to explore the environmental and geometrical condi-
tions for crevice corrosion to occur on Alloy 22 in hot chloride solutions at 90°C.

EXPERIMENTAL PROCEDURE

Alloy 22 (N06022) specimens were prepared from wrought mill annealed plate stock.
The chemical composition of the alloy in weight percent was 59.56% Ni, 20.38% Cr, 13.82%
Mo, 2.64% W, 2.85% Fe, 0.17% V and 0.16% Mn, 0.008% P, 0.0002% S, 0.05% Si, and
0.005% C (Heat 059902LL1). All the tested material was wrought Mill Annealed (MA). Two
different types of specimens were used: (a) prismatic specimens: a variation of the ASTM G 5’
specimen, which contained an artificial crevice formed by a PTFE compression gasket; and (b)
prism crevice assemblies (PCA), fabricated based on ASTM G 48" which contained 24 artifi-
cially creviced spots formed by a ceramic washer (crevice former) wrapped with a PTFE tape.
The afplied torque was 7.92 N-m (70in-Ilb). The PCA specimen has been described
before?®?"%32*  The tested surface areas were approximately 10 cm? for prismatic specimens
and 14 cm? for PCA specimens. The specimens had a finished grinding of abrasive paper
number 600 and were degreased in acetone and washed in distilled water 1 hour prior to test-
ing. Nitrogen (N2) was purged through the solution 1 hour prior to testing and was continued
throughout the entire test, for tests performed in deaerated conditions. Natural aeration was
allowed throughout the entire test for tests performed in aerated solutions.

Electrochemical tests were carried out using PCA specimens in deaerated pH 2, 1M
NaCl at 90°C. These tests consisted in:

1) Corrosion potential monitoring during 15 minutes of immersion.

2) Potentiostatic hold at a fixed applied anodic potential between -200 mVsce to
700 mVsce for a period of time enough to produce propagation of crevice corrosion.

3) Electrochemical impedance spectroscopy (EIS) measurement at the corresponding
applied potential.

4) Potentiostatic hold at the corresponding applied potential.

5) Potentiodynamic polarization scan at 0.167 mV/s in the cathodic direction until re-
passivation is reached (that is, until cathodic current higher than 1 pA/cm? is meas-
ured).

Potentiodynamic polarization tests were performed using prismatic specimens in
5M HCI, 3M HCI, 1M HCI and 0.1M HCI + 0.9M NaCl deaerated solutions at 90°C. The poten-
tial scan was started 5 mV below the corrosion potential (Ecorr) in the anodic direction at a



scan rate of 0.167 mV/s. A potentiostatic hold was performed for 5 minutes at the onset poten-
tial (5 mV below Ecorr) before starting the scan. The test was finished when the current den-
sity reached a value of 1 to 50 mA/cm* depending on HCI concentration.

Monitoring of corrosion potential (Ecorr) and electrochemical impedance spectroscopy
(EIS) measurements for different immersion times were carried out using prismatic specimens
in low pH chloride aerated and deaerated solutions at 90°C. These solutions include different
mixtures xM NaCl + yM HCI with pH values ranging from 0.1 to 2 (with x + y = 1M) and also
hydrochloric acid solutions with concentrations ranging from 1M to 5M.

For the electrochemical impedance spectroscopy (EIS) measurements a 10 mV ampli-
tude sinusoidal potential signal was superimposed to the corrosion or applied potential. The
frequency scan was started at 10 kHz and ended at 1 mHz. In the case of measurements at
Ecorr, the parameters of simple equivalent circuit mathematical models were fitted to these
data in order to obtain polarization resistances (Rp) which led to instantaneous uniform corro-
sion rates. The Tafel constants, Ba and B¢, were assumed to be + 0.12 V/decade for the calcu-
lation of the corrosion currents from Rp values. These values do not imply the assumption of
any corrosion mechanism, they are just the most common values used in literature.

Corrosion rates were calculated using Equation (2)

K icoms EW

CR(mm/yr) = (2)

where icorr is the passive corrosion current density in A/lcm?, EW is the equivalent weight, K is
the faradaic conversion factor (3,270 mm g A" cm™ yr') and p is the density (8.69 g/cm?® for
Alloy 22). Assuming congruent dissolution of the major alloying elements as Ni?*, Cr**, Mo®,
Fe**, and W®" the EW for Alloy 22 is 23.28".

All the electrochemical tests were conducted in a one-liter, three-electrode vessel
(ASTM G 5)" A water-cooled condenser combined with a water trap was used to avoid evapo-
ration of the solution and to prevent the ingress of air (oxygen). The temperature of the solu-
tion was controlled by immersing the cell in a thermostatized bath, which was kept at a con-
stant temperature of 90°C. All the tests were performed at ambient pressure. The reference
electrode was a saturated calomel electrode (SCE), which has a potential of 0.242 V more
positive than the standard hydrogen electrode (SHE). The reference electrode was connected
to the solution through a water-cooled Luggin probe. The counter electrode consisted in two
connected flags of platinum foil (total area 100 cm?) spot-welded to a platinum wire. All the
potentials in this paper are reported in the SCE scale.

After the electrochemical tests, all the specimens were examined in an optical micro-
scope (OM) to establish the mode, location and depth of the attack, in those cases that local-
ized attack was produced. Some of the specimens were observed in the scanning electron
microscope (SEM).



RESULTS
Tests on prism crevice assemblies (PCA) specimens

Figure 2 shows potentiostatic polarization curves for Alloy 22 PCA specimens in pH 2,
1M NaCl solutions at 90°C and at different anodic applied potentials. Two different regions can
be distinguished at each applied potential. The first region is characterized by a linear de-
crease of log (i) with log (t). This is related with formation of a passive film (i.e. passivation)?".
The second region is characterized by an increase of current in time, and this is the onset of
crevice corrosion®'. Time required for crevice corrosion onset decreased for increasing anodic
applied potentials. In general, the current density value reached at the end of the polarization
increased with an increase of anodic applied potential.

Figure 3 shows linear fittings of log (i) with log (t) curve in Region 1 and part of Region 2
for the Alloy 22 PCA specimen polarized at -100 mVsce. The time corresponding to the inter-
section of the two fitted lines for regions 1 and 2 was defined as the incubation time (tinc) for
the onset of crevice corrosion. Figure 4 shows incubation time as a function of the applied po-
tential. A linear decrease of log(tin¢) with potential was observed from -170 mVsce to
200 mVsce. For higher potentials, the onset of crevice corrosion occurred immediately, and
the observed tinc was about a minute. For potentials lower than -170 mVsce (i.e. -180 mVsce
and -200 mVscg) no crevice corrosion was detected in spite of the longer polarization times.

Figure 5 shows complex plane impedance plots for EIS measurements at different ap-
plied potentials and polarization times. These curves show a depressed semi-circle aspect for
all the potentials, which is a typical behavior of charge transfer controlled processes. The size
of the depressed semi-circles decreased as applied potential increased indicating an increas-
ing rate of the charge transfer process. No indication of a diffusion controlled process can be
detected from these impedance diagrams. However, a non-steady state of crevice corrosion
propagation could have masked a diffusion controlled process in the low frequency part of the
diagram.

Figure 6 shows the repassivation curves for all the initial applied potentials. These
curves are cathodic potentiodynamic polarization curves started after potentiostatic holding at
different anodic potentials (step 5 in experimental procedures). The shape of these curves
was the same for all tested potentials and it did not depend on initial applied potential. A new
corrosion potential (zero current) was built up at the end of these scans. This corrosion poten-
tial was generally higher for the higher applied potentials. A repassivation potential criterion
usually taken in cyclic potentiodynamic polarization curves is Egr:®>?%. This is the potential at
which the current density reaches 1 pA/cm? in the reverse scan. Figures 7 and 8 show Egs as
a function of the applied potential and the total circulated anodic charge (potentiostatic hold
plus potentiodynamic scan) respectively. Er¢ shows a scatter of approximately 40 mV. The
highest Er1 corresponded both to the higher applied potentials and circulated charges.

Figures 9 and 10 show photographs of PCA specimens after testing along with the cor-
responding contours of the creviced corroded areas. Specimen surfaces that suffered crevice
corrosion are shown for specimens tested at 100 mVsce and 500 mVsce. Contours of creviced
corroded areas where obtained by using an image processing software!”. Localized corroded
areas were calculated with these contours and they are listed in Table 1 for each applied po-

) ImageJ® 1.32j - Wayne Rasband National Institute of Health, USA. This software is in the public domain.



tential. Crevice corrosion appeared as a localized attack under the ceramics crevice formers
(Figures 9 and 10). For applied potentials higher than 300 mVscg, crevice corrosion was also
found under the top PTFE compression gasket. Microscopic observations (Figures 11-14) in-
dicated that grains of the alloy were discernible as well as crystal planes. The morphology of
attack was described as crystalline®. This attack seems to follow the higher energy planes in
the crystal structure of the grains, and therefore the low energy planes are left visible on the
corroded surface.®’. Maximum depths of attack detected by optical microscopic observation for
each test and other relevant information are listed in Table 1. Depth of attack can be roughly
correlated with circulated charge and applied potential (Table 1). Higher depths of attack were
found for higher circulated charges and applied potentials. Pitting corrosion was not observed
in any case. A dark precipitate was found around the localized attacked areas (Figures 9-14)
and sometimes also covering them. Energy Dispersive x-ray (EDX) analyses were performed
in the scanning electron microscope (SEM) in order to detect the elements present in these
precipitates. Results are listed in Table 2. Besides the constituents of Alloy 22 (Ni, Cr, Mo, W,
Fe and Mn) chlorine (Cl) and silicon (Si) were detected. Chlorine was present in the solution
(as chloride) and silicon could have proceeded from the glass cell. Table 3 shows the ratio of
atomic percent of the element present in the precipitate and atomic percent of the element
nominally present in Alloy 22. The elements W and Mo are highly enriched in the precipitate,
Fe is present in the same amount as in the alloy, Cr is slightly depleted and Ni is highly de-
pleted in the precipitate. As the solutions used in these work were not buffered, some changes
in the pH value were detected at the end of each CPP. Final pH value ranged from 1.8 to 2.1.

Figure 15 shows the estimated current density on the crevice corroded area (icrev) as a
function of anodic applied potential. This current density (icrev) Was calculated as the ratio of
the total current at the end of the potentiostatic hold and the creviced corroded area (Table 1)
for each potential. Further details and discussion about this calculation are given in the follow-
ing section. icrev showed a Tafel-like dependence with potential between -170 mVsce and
300 mVsce and its value became independent of applied potential (about 20 mA/cmZ) for
higher potential values. icreyv showed a small drop for the highest applied potential
(700 mVSCE).

Tests on prismatic specimens

Figure 16 shows corrosion potential values (Ecorr) Of prismatic Alloy 22 specimens
tested in aerated and deaerated chloride solutions as a function of pH or proton activity (a. ).

Ecorr increased with time for aerated solutions of pH higher than approximately 0.3 (not
shown) so the maximum reached Ecorr is plotted (usually the value reached at the end of the
test) in Figure 16. On the other hand, Ecorr remained constant in time for deaerated solutions
of pH lower than 1.7 (not shown) so the average Ecorr is plotted in Figure 16. Ecorr remained
constant in time for aerated and deaerated solutions of pH lower than 0.3 (not shown). These
solutions include hydrochloric acid of concentrations ranging from 1M to 5M. pH values for
these solutions were corrected on account of chloride effect on proton activity.*® Ecorg drop as
pH decreased in aerated solutions (Figure 16) indicates a transition from passive to active
state. A depassivation pH (pHp) can be defined as the pH value at which this potential drop
takes place. In this case pHp is about 0.3 (Figure 16). In deaerated solutions such a transition
is not evident from this plot (Figure 16). Ecorr in concentrated hydrochloric acid solutions
seemed to be set by the hydrogen cathodic reaction as it showed a pH dependence similar to
the thermodynamically predicted dependence for this reaction*' (Figure 16).



Figure 17 shows corrosion current density (icorr) and corrosion rate (CR) of prismatic
Alloy 22 specimens determined from EIS measurements in low pH chloride solutions as a func-
tion of hydrochloric acid concentration or pH. In this case pH values were not corrected for
hydrochloric acid concentration higher than 1M. Total chloride concentration for solutions of
pH >0 ([HCI] < 1M) was always made equal to 1M by NaCl additions. Results obtained by
Rebak and Crook*? in similar conditions (boiling HCI solutions) are also plotted for comparison
in Figure 17. CR in concentrated hydrochloric acid solutions ranged from 1 to 20 mm/year.
There were no significant differences between aerated and deaerated conditions for these so-
lutions. CR in aerated conditions showed a sudden decrease from 0.6M HCI + 0.4M NaCl (pH
0.22) to 0.5M HCI + 0.5M NaCl (pH 0.3). This decrease in CR can be correlated with the
Ecorr drop in aerated solutions (Figure 16) at pHp, i.e. it is related with active to passive transi-
tion. CR in deaerated conditions showed a gradual decrease as [HCI] decreases in a wide
range of hydrochloric acid concentration followed by a drop from 0.02M HCI + 0.98M NaCl (pH
1.7) to 0.01M HCI + 0.99M NaCl (pH 2) (Figure 17). Similar CR values were found in aerated
and deaerated pH 2 chloride solutions. These results indicates that Alloy 22 is in active state
at pH > pHp in deaerated solutions. The active to passive transition in deaerated solutions oc-
curs at a pH of about 1.7 (Figure 17). Active state is never expected to exist in solutions of
pH > 1.7 both in aerated and deaerated conditions.

Figure 18 shows potentiodynamic polarization curves of Alloy 22 prismatic specimens in
hydrochloric acid solutions of different concentrations. These curves were corrected for ohmic
drop. Ecorr Obtained from polarization curves increased with increased HCI concentration in
coincidence with open circuit tests (Figure 16). An active anodic peak followed by a wide pas-
sivity or pseudo-passivity range and a further current increase was found in the polarization
curves in 3M HCI, 1M HCI and 0.1M HCI + 0.9M NaCl. A continuous current increase was
found in SM HCI (no passivation). A Small shallow peak was detected in the passivity or
pseudo-passivity range of polarization curves in 3M HCI and 1M HCI solutions. Crevice corro-
sion attack was found under the PTFE compression gasket in these specimens. The speci-
mens tested in 3M HCI and 0.1M HCI + 0.9M NaCl did not suffer any localized attack. A thin
non-adherent dark oxide was found on the surface of all the specimens after testing.

DISCUSSION

The average values for critical potentials, namely breakdown (Ezo)'??® and repassivation

(Er1) potentials extracted from CPP for Alloy 22 in deaerated pH 6, 1M NaCl at 90°C are re-
ported to be Ez = 0.216 Vsce and Ery =—-0.139 Vsce?®.  Their corresponding standard devia-
tions were 0.100 V (Ezo) and 0.008 V (Er¢) %*. Experimental conditions of the present work can
be considered the same as those previously reported® as Ers was found to be independent of
pH in a wide range of values from pH 1 to pH 12.** Kehler et al. found that critical potentials
are independent of pH value in the range from pH 2.75 to pH 7.75 for alloys 625 and 22 at in
slightly different conditions''. Constant potential tests from the present work indicated that the
lowest potential value for crevice corrosion to occur was —0.170 Vsce (Table 1). Repassivation
potentials (Er1) determined after significant crevice growth was in the range of —0.200 Vsce to
—0.140 Vsce (Figures 7 and 8). These Egr; are slightly lower but consistent with reported val-
ues?®®. Egrs seemed to increase for increasing circulated charge densities (CD) (Figures 8).
Contrarily to this observation, Ers has been reported to decrease when higher current densities
are reached in the forward scan of CPP.*? Kehler et al. reported that repassivation potentials
are independent of CD associated with crevice attack in the entire studied range (107'-10°
Cl/cm? for Alloy 625 and 102—10? for Alloy 22)"". Sridhar and Cragnolino®' found that pitting



repassivation potential for Alloy 825 and 316L stainless steel decreases for increasing circu-
lated CD and remains constant for circulated CD higher than a threshold value. These obser-
vations has been explained by Galvele’s localized acidification model*"*. As pit depth in-
creases, the diffusion distance into the pit (x) also increases and less current density (i) is re-
quired to maintain the critical conditions for the localized corrosion to occur (x> (Xi)err ). As
current density in the pit-like solution is a function of applied potential (usually a Tafel relation-
ship) the required potential to sustain localized acidification also decreases.*® Sridhar and
Cragnolino®' explained the existence of a minimum repassivation potential for pitting corrosion
after a threshold CD by considering negligible the polarization term (n) in Equation 1 for deep
enough pits and also by considering the potential drop (® )constant and equal to the ohmic
drop in a precipitated salt film inside the pit. In these conditions Equation 1 becomes
Equation 3.

Ere = E; +® (3)

Let us suppose x?/g is the controlling scaling factor for this metal-environment system,
although the following analysis is valid if x/g is the controlling scaling factor. As Galvele’s
model is unidimensional®®, the diffusion distance (x) should be replaced by an effective diffu-
sion distance (x?/g) which takes into account the effect of crevice gap. Then the critical condi-
tion for the localized corrosion to occur can be re-written as (x%/g > (xzi/g)CRIT ). Geometrical
conditions in a propagating crevice may be different from a developing pit. Figure 19 depicts a
two-stage localized corrosion process in a deep pit and in a crevice. In the first case effective
diffusion distance (x?/g) into the pit is increased by corrosion while in the latter, x?/g into the

crevice is decreased by corrosion. Diffusion path in a crevice is created by the surface placed
on the metal (i.e. crevice former or compression gasket) and it is not increased by further crev-
ice corrosion. Crevice corrosion stifling or repassivation observed by Yilmaz et al." after long
polarization of artificially creviced Alloy 22 PCA specimens can be attributed to progressive
increasing of the crevice gap (g) that causes a decrease in x?/g, x remaining approximately

the same during the entire test.

Development of crevice corrosion not only results in a decrease of the effective diffusion
distance (x?/g) but also results in the production of an increasing amount of protons (H") in
the occluded solution. These protons will be reduced to hydrogen when the scan is reversed
to the cathodic direction, producing a cathodic current superimposed to the crevice corrosion
current. The total current (I) measured during repassivation (i.e. reverse scan of CPP) can be
expressed as follows (Equation 4).

| =ippss - A +icrey " Acrey — b, “Acrey (4)

Where ipass is the passive current density, A is the specimen total area, icrev is the an-

odic current density in the crevice, Acrev is the area which suffers crevice corrosion and iH+/H
2

is the hydrogen reduction current density within the crevice. The condition for repassivation to
be reached is | =i, - A, Which can be fulfilled if the second and third terms of Equation 4

cancel each other. Significant hydrogen evolution in the occluded cell results in an early de-
termination of repassivation at potentials where icgrey is not null.



A higher repassivation potential for higher applied potentials and higher circulated
charges (Figures 6, 7 and 8) can be a result of these two factors: increasing of effective diffu-

sion distance (x?/g) and significant hydrogen evolution within the crevice.

Differences between breakdown and repassivation potentials of crevice corrosion can
be attributed to the potentiodynamic nature of the scan in CPP, taking into account the effect of
potential in incubation time (Figure 4). Breakdown potential is expected to decrease, and
therefore to approach the repassivation potential, for low scan rates.

Total current (1) measured at different polarization times (t) in the constant potential tests
(Figure 2) can be expressed as follows (Equation 5), neglecting cathodic reactions within the
crevice.

I(t) = Tppss (1) - A +icrey - Acrey (t) (5)

Current density in the crevice (icrey) can be considered only a function of potential.
Galvele et al.*® studied pitting of 18%Cr-x%Mo ferritic stainless steels in chloride solutions.
They calculated pitting current densities as a function of potential in 1M HCI by measuring the
depth and the diameter of the pits under a microscope at 100 times. Under this consideration
icrev can be expressed as follows (Equation 6).

_I(t) —ipass (1)-A

i =
oREY ACREV (t)

(6)

Three characteristic domains are found in these tests?': (Region 1) passivation, (Region
2) crevice corrosion nucleation and growth, and (Region 3) crevice corrosion stifling or repas-
sivation. The objective of the present work was to determine icrev as a function of potential. In
this work, the applied potential was maintained until reaching Region 2 in potentiostatic tests.
An increase of | in Region 2 was considered to be a result of an increase of Acrev, being icrev
approximately constant in time. The term i,,ss(t)- A becomes negligible for large polarization

times in Region 2, so Equation 6 becomes Equation 7,

iCREV = # (7)

ACREV

where | was obtained from the final value of the current in the constant potential tests (Fig-
ure 2) and Acrev Was calculated from contours of creviced areas obtained with an image proc-
essing software (Figures 9 and 10). Increasing of crevice corroded area during potentiody-
namic cathodic scan was neglected. Obtained corroded areas ranged from 0.30 to 0.75 cm?
(Table 1) with an estimated error of 0.02 cm?. Calculated icrev values have an error of the
same order of magnitude than corresponding corrosion rate measured by electrochemical
methods.

Figure 20 shows icrev as a function of potential along with the active range in polariza-
tion curves of Alloy 22 in different HCI solutions. Since the corrosion behavior of a metal in an
active crevice is known to be correlated to its anodic behavior in the active condition in a low
pH solution®® this comparison may be useful. Low pH solution in the crevice results from metal
cation hydrolysis.?>*"3® Precipitation of salts is expected because of the high concentrations of
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metallic cations and chlorides.?®*'* Solution chemistry inside the crevice is more complex
than the pure hydrochloric acid solutions used for comparison. Nevertheless, pure hydrochlo-
ric acid solutions have been used to simulate the conditions in active pits, specially in order to

obtain E for the localized acidification model’®*°. Galvele et al.*® considered 1M HCI was

representative of the pit-like solution of 18%Cr-x%Mo ferritic stainless steels in 1M NaCl.
Newman® studied the anodic behavior of Fe-Cr-Ni alloys in 1M and 4M HCI solutions using
the scratching technique to establish the effect of molybdenum in pitting of stainless alloys. If
anodic behavior of Alloy 22 in pure hydrochloric acid solutions is considered to be representa-
tive of the anodic response in the crevice solution, the curve icrey vs. E can be interpreted as a
polarization curve in HCI (Figure 20) distorted by significant potential drop inside the crevice. A
large potential drop is expected because of the presence of a salt film layer precipitated on the
metal in the crevice corroded area®' as it was shown in the present work (Figures 9-14).

Corrosion kinetics in the crevice solution can involve very complex processes. Only
charge transfer processes were detected by EIS (Figure 5) and it is reasonably to consider that
charge transfer is the rate controlling step of the corrosion process for low polarizations (Fig-
ure 15) where a Tafel-like dependence was found. For higher polarizations diffusion proc-
esses may become the rate controlling step (Figure 15), but no evidence was found (Figure 5).
Ohmic control may also become the rate controlling step for higher polarizations, as the poten-
tial drop in the salt layer deposited on the crevice is thought to be large.*’

The maximum current density measured inside an active crevice was about 20 mA/cm?
(Figure 20). Current densities for active pits in other metal-environment systems are reported
to be higher’®. Galvele® reviewed current densities inside pits of pure metals and alloys.
They range from 0.1 to 70 A/cm?, most of them at room temperature. Current densities higher
than 1 A/cm? were found for ferritic stainless steels in 1M HCI*®. They seem to increase mono-
tonically with potential. Compared with data for stainless steels®®, current densities for crevice
corrosion of Alloy 22 in NaCl solution at 90°C can be considered very low. Since the maximum
icrev did not exceed 20 mA/cm? at any applied potential, this could explain the fact that no pit-
ting corrosion has been detected in these conditions®?3. A critical x.i value must be reached
for the pitting corrosion to take place®. Since icrev (in this case ipir) cannot be higher than
20 mA/cm? and diffusion distance (x) provided by passive film rupture is limited by surface
roughness, it is possible that the above critical conditions cannot be reached at any applied
potential.

It is interesting to analyze the existence of a minimum limiting repassivation potential
value for crevices with x?/g — «, i.e. independent of crevice geometry. Equation 3, obtained
by Sridhar and Cragnolino®' by neglecting the polarization term of Galvele’s equation®, can be
further reduced to Equation 8 by considering the potential drop term also negligible. This as-
sumption is reasonable for Alloy 22 at low polarization potentials in concentrated chloride solu-
tions, taking into account the low icrev (about 40 pA/cm?) reached at —0.170 Vsce (Figure 15).

Ere = E;: (8)
Equation 8 shows that this limiting crevice corrosion repassivation potential is equal to
the corrosion potential in the crevice solution. Let us consider the reverse scan in a CPP per-

formed in an artificially creviced Alloy 22 specimen tested in a near neutral chloride concen-
trated solution after crevice corrosion was allowed to propagate for certain time. Let us as-
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sume the geometrical conditions in the crevice are such that x?/g— «. When the current
density in the crevice solution is low enough for Equation 8 to be valid, the applied potential
should be about —0.170 Vsce (low current density and therefore no significant ohmic drop).
This potential value corresponds to Ecorr in @ 3M HCI solution (Figure 21). A further decrease
in the applied potential will reduce protons in the crevice to hydrogen thus increasing the pH
inside the crevice. The pH will evolve with applied potential following the Ecorr curve in Fig-
ure 21. When the pH value corresponding to the active to passive transition in deaerated solu-
tion (pH = 1.7) is reached, crevice corrosion will stop since active dissolution cannot exist in
these conditions. This potential of about -0.270 Vsce can be considered the minimum limit for
the repassivation potential in chloride solutions at 90°C. This repassivation potential is consis-
tent with reported data in literature since the minimum repassivation potential found for a con-
centrated chloride solution was -0.223 Vsce for 5M CaCl, at 90°C**.

CONCLUSIONS

1. Geometrical conditions in a propagating crevice may be different from those of a develop-
ing pit. In the first case the effective diffusion distance (x?/g) into the pit is increased by

corrosion while in the latter x?/g into the crevice is decreased by corrosion. Decreasing

x?/g accounts for crevice corrosion stifling or repassivation observed®' on Alloy 22 after
long anodic polarization.

2. Differences between breakdown and repassivation potentials of crevice corrosion in
CPP? can be attributed to the potentiodynamic nature of the scan, taking into account the
effect of potential in crevice corrosion incubation time. The breakdown potential is ex-
pected to decrease approaching repassivation potential for low scan rates.

3. The crevice corrosion current density was found to be a function of applied potential.
icrev values ranged from 40 pA/cm? to 20 mA/cm?®. Such low values explained the ab-
sence of pitting corrosion in Alloy 22 at any potential as the critical conditions for localized
acidification to occur (x.i > (X-i)cm) cannot be reached by passive film rupture.

4. A minimum limit value for repassivation potential in crevices with x?/g — « is proposed to

be the minimum corrosion potential of Alloy 22 in hydrochloric acid solutions at which ac-
tive corrosion exists.
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TABLE 1

RELEVANT DATA FROM ELECTROCHEMICAL TESTS FOR ALLOY 22 PCA SPECIMENS
IN DEAERATED pH 2, 1M NaCl AT 90°C.

Applied | Corroded |Polarization Circulated | Maximum | Calculated
Potential, | Area®, hold EIS starting | Charge®, | depth®, | depth®,
Vsce cm? time, s time, s Clcm? um pm

-0.200 No CC 36000 - - - -

-0.180 No CC 94000 - - - -

-0.170 0.30 82700 77400 0.032 <5 04
-0.140 0.30 87100 88900 0.108 <5 1.4
-0.100 0.43 17500 15500 0.029 <5 0.3
0.000 0.53 18700 16100 0.23 <5 1.7
0.100 0.45 17800 15700 0.56 20 4.8
0.200 0.60 15900 14700 0.89 70 5.8
0.300 0.67 12400 8900 5.0 200 29.3
0.400 0.53 12400 8900 3.8 260 28.1
0.500 0.64 12400 8900 6.6 250 38.5
0.600 0.75 12400 8900 7.2 180 371
0.700 0.69 12600 9000 3.1 170 17.5

() Corroded area in the crevice calculated by using an image processing software.

@ Circulated anodic charge during potentiostatic hold plus potentiodynamic polarization nor-
malized by the total area of the specimen.

) Maximum depth found in the crevice corroded area by optical microscopic observations.

@ Depth of attack in the crevice corroded area (average value) assuming that the crevice cor-
rosion penetration was even. Assumptions: congruent dissolution of the major alloying ele-
ments; all the circulated anodic charge was due to corrosion attack in the calculated corroded
area.

CC: crevice corrosion

16



TABLE 2

ATOMIC PERCENT OF ELEMENTS DETECTED BY EDX ANALYSIS IN PRECIPITATES
FOUND ON LOCALIZED ATTACKED AREAS IN PCA SPECIMENS IN DEAERATED pH 2,
1M NaCl AT 90°C.

E, Vsce Mo Si Cl Cr Mn Fe Ni W

-0.170 33.56 ND 5.61 25.75 1.50 3.06 23.28 7.25
-0.140 38.67 ND 8.96 22.47 1.49 ND 17.07 11.34
-0.100 38.60 ND 6.10 20.95 1.58 2.71 20.75 9.31
0.000 43.06 ND 6.56 15.60 1.93 2.69 17.00 13.17
0.100 29.54 11.23 6.62 19.57 1.42 2.65 20.64 8.33
0.200 44.97 ND 7.66 14.74 2.19 3.05 15.27 12.12
0.300 24.80 7.00 3.99 19.28 1.36 3.15 35.84 4.59
0.400 19.80 7.50 5.00 23.82 1.24 3.12 34.92 4.62
0.500 25.72 9.84 5.21 20.33 1.30 2.89 28.57 6.16
0.600 32.34 ND 4.96 24.68 1.1 2.72 29.19 5.01
0.700 22.40 7.41 3.11 20.28 1.21 3.01 37.86 4.71
0.700 35.40 16.47 9.11 12.52 1.79 2.52 10.01 12.19

TABLE 3

Atomic % Me in Precipitate / Atomic % Me in Alloy 22
E, Vsce Ni Cr Mo w Fe
-0.170 041 1.07 4.36 7.82 1.00
-0.140 0.30 094 5.03 12.27 ND
-0.100 0.36 0.87 5.02 10.05 0.89
0.000 0.30 0.66 5.65 14.35 0.90
0.100 042 094 4.41 10.32 1.00
0.200 0.28 0.63 6.02 13.48 1.03
0.300 0.67 085 3.42 5.25 1.09
0.400 066 1.07 278 5.38 1.10
0.500 056 094 3.71 7.38 1.05
0.600 0.50 1.01 4.3 5.32 0.88
0.700 0.70 0.89 3.06 5.35 1.04
0.700 0.22 0.67 5.89 16.83 1.05

Average 045 0.88 4.46 9.48 1.00

RATIO OF ATOMIC PERCENT OF THE ELEMENT DETECTED IN PRECIPITATES AND
ATOMIC PERCENT OF THE ELEMENT NOMINALLY PRESENT IN ALLOY 22.
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CREVICE FORMER
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FIGURE 1: Schematic representation showing the two characteristic dimensions of a crevice:
crevice depth (x) and crevice gap (g).
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FIGURE 2: Potentiostatic curves obtained for Alloy 22 PCA specimens in deaerated pH 2, 1M
NaCl solutions at different applied potentials and 90°C.
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FIGURE 3: Potentiostatic curve obtained for a Alloy 22 PCA specimen in deaerated pH 2, 1M
NaCl solutions at -100 mVsce and 90°C. Linear fittings for regions 1 and 2 are also shown.
Incubation time (tinc) for crevice corrosion is defined at the intersection of these linear fittings.
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FIGURE 4: Incubation time for crevice corrosion as a function of applied anodic potential for
Alloy 22 PCA specimens in deaerated pH 2, 1M NaCl solutions and 90°C.
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FIGURE 5: Complex plane impedance plots for EIS measurements at different applied poten-
tials and polarization times for Alloy 22 PCA specimens in deaerated pH 2, 1M NaCl solutions
and 90°C.

I L I U g T T T T e i
m L (00, OV _= Initial App. Potential
e 70 MV .
100p £ E —-140mV.
-100 mV___
"€ 1ouk ] T M
S NE ] —— 100mV_
2 Z
= - 1 — 200mvV___
1p E . 300 mV_.
: ] —— 400mvV___
I — 500 mV
100n ¢ - SCE
: 1 —— 600mV_
i —— 700 mV_
10n — . : : :
-0.2 0.0 0.2 0.4 0.6
E, VSCE

FIGURE 6: Repassivation curves: Potentiodynamic polarization curves in the cathodic direction
after different initial applied potentials (Fig. 2) for Alloy 22 PCA specimens in deaerated pH 2,
1M NaCl solutions at 90°C.
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FIGURE 7: Repassivation potential (Er1) obtained from repassivation curves (Fig. 6) as a func-

tion of initial applied potential for Alloy 22 PCA specimens in deaerated pH 2, 1M NaCl solu-
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FIGURE 8: Repassivation potential (Ers) from repassivation curves (Fig. 6) as a function of
total circulated charge for Alloy 22 PCA specimens in deaerated pH 2, 1M NaCl solutions at
90°C.
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FIGURE 9: Photographs of an Alloy 22 PCA specimen tested at 100 mVsce along with its cor-
responding contours of the creviced corroded areas obtained by using an image processing
software.
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¢) Upper Side: Corroded surface under a
PTFE compression gasket

b)Side 2: Corroded surface under the PTFE-wrapped ceramic washer

FIGURE 10: Photographs of Alloy 22 PCA specimen tested at 500 mVsce along with corre-
sponding contours of the creviced corroded areas obtained by using an image processing
software.
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FIGURE 11: SEM image of an Alloy 22 PCA  FIGURE 12: SEM image of an Alloy 22 PCA
specimen tested at 500 mVgsce. specimen tested at 500 mVSCE.
Original magnification 25X Original magnification 100X

FIGURE 13: SEM image of an Alloy 22 PCA  FIGURE 14: SEM image of an Alloy 22 PCA
specimen tested at 200 mVgce. specimen tested at 200 mVgce.
Original magnification 200X Original magnification 800X
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FIGURE 15: Current density in the crevice (icrev) as a function of applied potential for or Al-
loy 22 PCA specimens in deaerated pH 2, 1M NaCl solutions at 90°C.
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FIGURE 16: Corrosion potential (Ecorr) for Alloy 22 prismatic specimens tested in aerated and
deaerated chloride solutions as a function of pH or proton activity (a,.) at 90°C. Maximum

reached values are shown for aerated solutions and average values are shown for deaerated
solutions. pH values for 1M to 5M HCI solutions were corrected on account of chloride effect
on proton activity.*°
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FIGURE 17: Corrosion current density (icorr) and corrosion rate (CR) for Alloy 22 prismatic
specimens determined from EIS measurements at different immersion times in low pH chloride
solutions at 90°C as a function of hydrochloric acid concentration or pH. Results of Rebak et
al. *? in boiling hydrochloric acid are also shown.
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FIGURE 18: Potentiodynamic polarization curves for Alloy 22 prismatic specimens in deaer-
ated hydrochloric acid solutions of different concentrations at 90°C. Scan rate 0.167 mV/s.
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FIGURE 19: Schematic representation of a two-stage localized corrosion process in a deep pit

(left) and in a crevice (right).
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FIGURE 20: Current density in the crevice (icrev) as a function of applied potential for or Al-
loy 22 PCA specimens in deaerated pH 2, 1M NaCl solutions at 90°C and active range of po-
tentiodynamic polarization curves for Alloy 22 prismatic specimens in deaerated hydrochloric
acid solutions of different concentrations.
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FIGURE 21: Corrosion potential (Ecorr) for Alloy 22 prismatic specimens tested in deaerated
chloride solutions as a function of pH or proton activity (a,.) at 90°C. Average values are

shown (Fig. 16). pH values for 1M to 5M HCI solutions were corrected on account of chloride

effect on proton activity.*
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